The genes for dichloromethane utilization by Methylobacterium sp. strain DM4 are encoded on a 2.8-kb sequenced DNA fragment, the dcm region. This fragment contains dcmA, the structural gene of dichloromethane dehalogenase and, upstream of dcmA, a 1. (20) . In all of the aerobic methylotrophs tested, the catalytic activity of DCM dehalogenase is low and the enzyme is 50-to 80-fold induced by DCM (18, 26) . The genes responsible for DCM utilization have been examined in Methylobacterium sp. strain DM4, a pinkpigmented facultative methylotrophic bacterium. They are encoded on a 2.8-kb BamHI-PstI DNA fragment located on the chromosome or on an undetected megaplasmid of this organism (19), and three cryptic plasmids carried by strain DM4 are unrelated to DCM metabolism (10) . A 0.9-kb segment of the cloned and sequenced 2.8-kb BamHI-PstI fragment encodes dcmA, the structural gene of DCM dehalogenase. dcmA has been shown to belong to the glutathione S-transferase supergene family. DCM dehalogenase expression is subject to negative control at the transcriptional level, and our preliminary observations suggested that a regulatory protein responsible for this control is also encoded on the sequenced fragment, in the upstream region of dcmA (19) .
Aerobic methylotrophic bacteria utilizing dichloromethane (DCM) as the sole carbon and energy source possess the enzyme DCM dehalogenase (18, 26) . This enzyme converts DCM to formaldehyde and inorganic chloride in a glutathione-dependent reaction (20) . In all of the aerobic methylotrophs tested, the catalytic activity of DCM dehalogenase is low and the enzyme is 50-to 80-fold induced by DCM (18, 26) . The genes responsible for DCM utilization have been examined in Methylobacterium sp. strain DM4, a pinkpigmented facultative methylotrophic bacterium. They are encoded on a 2.8-kb BamHI-PstI DNA fragment located on the chromosome or on an undetected megaplasmid of this organism (19) , and three cryptic plasmids carried by strain DM4 are unrelated to DCM metabolism (10) . A 0.9-kb segment of the cloned and sequenced 2.8-kb BamHI-PstI fragment encodes dcmA, the structural gene of DCM dehalogenase. dcmA has been shown to belong to the glutathione S-transferase supergene family. DCM dehalogenase expression is subject to negative control at the transcriptional level, and our preliminary observations suggested that a regulatory protein responsible for this control is also encoded on the sequenced fragment, in the upstream region of dcmA (19) .
In this communication, we report the functional analysis of the 1.5-kb region upstream of dcmA. We present evidence that this region contains dcmR, the structural gene of a trans-active protein controlling dcmA expression as well as its own synthesis.
MATERIALS AND METHODS Bacterial strains, plasmids, and growth conditions. The bacteria and plasmids used in this study are listed in Table 1 . Growth conditions for Escherichia coli and Methylobacterium strains were as described previously (19) .
Construction of plasmids. Relevant plasmids (see Fig. 2) were constructed in E. coli S17-1, by using multiple linkers, with DNA fragments of the cloned 2.8-kb dcm region from plasmid pME1537. Vectors and important constructs used for cloning are listed in Table 1 . Plasmid pME3048, a mobilizable ColEl replicon derived from plasmid pRZ102 (15) , was constructed by Voisard (30) . Deletion of the 4.4-kb SmaI fragment of pRZ102 yielded pME3041. The EcoRIHindIII fragment of this construct was replaced by an EcoRI-HindIII fragment containing a polylinker from pUC18 and, thus, resulting in pME3048 (30) . Plasmids pME1563 and pME1564, two integration vectors for Methylobacterium sp. strain DM4 carrying all or part of the dcm region, were constructed by using a 1.4-kb randomly cloned chromosomal EcoRI-BamHI fragment of strain DM4-2cr. It was verified that this fragment did not hybridize with the cryptic plasmids of strain DM4-2cr and that it did not contain a HindIII restriction site. The 1.4-kb EcoRI-BamHI fragment was inserted into plasmid pME3048 to yield plasmid pME1562. Cloning of the 2.8-kb BamHIPstI dcm region as a BamHI-HindIII fragment into pME1562 resulted in plasmid pME1563, and cloning of a HindIllBamHI fragment covering nucleotides 1280 to 2790 of the dcm region into pME1562 yielded plasmid pME1564.
Construction of dcmR'-'lacZ fusions was based on plasmid pME1568A ( BamHI-digested pME1568A. Subcloning of the resulting constructs as XhoI fragments into pVK100 yielded the dcmR'-'lacZ fusion plasmids pME1575, pME1577, and pME1579. Mobilization of plasmids. For expression studies, recombinant plasmids were mobilized from E. coli S17-1 into Methylobacterium strains as described elsewhere (19) .
Preparation of crude extracts. Methylobacterium sp. was grown on minimal medium with either 30 mM methanol or 32 mM DCM as the carbon source. After cells were harvested, cell suspensions were passed twice through a French pressure cell and centrifuged to obtain crude extracts. Details of the procedure have been described previously (19) .
DCM dehalogenase assay. Enzyme activity was determined at 30°C by following the rate of formaldehyde production in a colorimetric test as described previously (19, 20 regulated DCM dehalogenase synthesis in the DCM-nonutilizing strain DM4-2cr (19) . In this strain, a DNA fragment larger than 21 kb and spanning the dcm region is deleted (10) . Introduction of plasmids with deletions in the dcmA upstream region into strain DM4-2cr led to transconjugants with constitutive expression of DCM dehalogenase. Such regulation-defective strains, however, proved unstable. The analysis of single colonies, obtained at different intervals after mobilization of the relevant constructs into strain DM4-2cr, revealed that the DCM utilization (DCM+) phenotype was progressively lost. This loss occurred under nonselective conditions during growth on methanol, irrespective of whether tetracycline was applied to select for vector maintenance. The molecular events underlying the loss of the DCM+ phenotype were not explored.
To overcome the instability of plasmids conferring constitutive dcmA expression, the 2.8-kb dcm region and its truncated version represented by the 1.5-kb Eco47III-PstI fragment ( Fig. 1) were integrated into the chromosome of strain DM4-2cr. The construction of the two strains with chromosomal insertions was based on the mobilizable ColEl replicon pME3048 (30) (see Materials and Methods), which is unable to replicate in Methylobacterium sp. strain DM4. Insertions into the multiple cloning site of pME3048 comprised a 1.4-kb EcoRI-BamHI fragment of randomly cloned chromosomal DNA from strain DM4-2cr to provide a target for homologous recombination and the 2.8-or 1.5-kb DNA fragments of the dcm region to be integrated into the chromosome. Mobilization of these constructs (plasmids pME1563 and pME1564) ( Table 1 ) from E. coli S17-1 and their forced integration by selection for kanamycin resistance into the chromosome of strain DM4-2cr resulted in strains DM4-2cr-63 and DM4-2cr-64 (Fig. 2) (19) .
Since the basal specific activity in extracts of strain DM4-2cr-63 grown on methanol (noninducing conditions) was also lowered with respect to the wild type, the induction factor for DCM dehalogenase of about 50 was unaffected in the construct carrying the chromosomally inserted dcm region.
The lowered DCM dehalogenase levels in strains DM4-2cr-63 and DM4-2cr-64 remain unexplained. They were reflected by substantially decreased growth rates of the strains on DCM. Dehalogenase formation in strain DM4-2cr-64 was fully constitutive (Fig. 2) . This confirmed the notion (19) that a regulatory factor exerting negative control over dehalogenase synthesis is encoded in the left-hand part (nucleotides 1 to 1500) of the dcm region.
Transcripts of the dcm region. The nucleotide sequence of the 2.8-kb dcm region has been determined previously (19) .
A search for open reading frames (ORFs) potentially encoding proteins larger than 7,000 Da revealed, in addition to dcmA, four ORFs fulfilling this criterion. The positions of these ORFs on the map of the dcm region are indicated in Fig. 1 . Nuclease S1 mapping was used to determine whether any of these ORFs were transcribed into mRNA. Cellular RNA was isolated from strain DM4-2cr(pME1541) grown on methanol or on DCM. The 5'-32P-end-labeled DNA frag- Table 2 , and the results of the nuclease S1 mapping experiments are summarized in Fig. 1 .
No nuclease Si-resistant hybrids were detected from ORF Al and ORF Cl. Two transcripts covering all or part of ORF B1 produced weak signals, which were not further analyzed. However, dcmR, a gene oriented in the opposite direction of dcmA, was transcribed into a number of RNA species (Fig.  1) . The best candidates for promoters of dcmR are the DNA regions that give rise to mRNA species at positions 881 (PR1), 975 (PR2), 1360 (PR3), and 1480 (PR4) of the dcm nucleotide sequence (Fig. 3) . However, the three lowermolecular-weight mRNA species could, in principle, also represent processed products. The other bands visible in Fig. 3 are less likely to originate from transcription initiation at promoters or from processing of larger transcripts, since they are represented rather strongly in the control lane with the labeled DNA probe. RNA isolated from DCM-grown cells gave rise to all four signals, whereas RNA preparations from methanol-grown cells yielded only the bands corresponding to PR1 and PR2 ( Fig. 1 and 3) . The relative intensity of the signal corresponding to PR1 varied, depending on whether the RNA originated from DCM-or methanol-grown cells. The signal was more pronounced in RNA obtained after growth on DCM, and this observation suggested transcriptional control of dcmR expression.
The nuclease Si mapping experiments also yielded information on the position of the 3' end of dcmA mRNA. Cellular RNA was isolated from strains DM4 and DM4-2cr(pME 1523). With the 3'-32P-end-labeled fragment listed in Table 2 striction fragments spanning various segments of this region were subcloned in plasmid pVK100 to yield plasmids pME1569, pME1571, pME1572, and pME1573 (Fig. 2) . These constructs were mobilized into the regulation-defective recipient DM4-2cr-64 and tested for the ability to restore regulated expression of dcmA. As shown by the DCM dehalogenase-specific activities presented in Fig. 2 , plasmid pME1569, which provided the entire dcm regulatory region in trans, fully complemented the regulation-negative phenotype of the host. The same applied to pME1571 and pME1573, two plasmids carrying progressive deletions of the dcmR upstream region. The dcmR promoters PR3 and PR4 ( Fig. 1) , thus, were not essential for dcmA regulation.
However, in the experiment with plasmid pME1572, which carried a 0-to 200-bp deletion of the dcm region, the putative repressor encoded by dcmR was largely ineffective. The phenotype provided by pME1572 supported the view that dcmR and not ORF B1, which was not affected in this construct, represents the structural gene of the repressor protein.
In conclusion, the intact dcmR gene plus 253 bp of its upstream region appear to be sufficient for complementation in trans of the regulation-defective phenotype. Regulation of dcmR expression. The putative promoter regions of dcmA and dcmR each contained 12-bp sequences that matched in 11 of 12 bp. These sequences were located at the same positions (-14 to -25) relative to the mRNA start sites (+1) at promoters PA and PR1 (Fig. 4 ). It appears likely that these largely homologous 12-bp sequences within the putative promoter regions represent at least part of the binding sites for the DcmR protein. Such an arrangement, with both the dcmA promoter as well as the dcmR promoter containing an operator site, would imply autoregulation at the transcriptional level of the dcmR gene product.
To test the possibility that DcmR was autoregulated, translational fusions of the Methylobacterium sp. dcmR gene to the E. coli lacZ gene were prepared. The three dcmR'-'lacZ fusion plasmids examined in Table 3 contained the first 177 bp of the dcmR gene fused to lacZ plus 588 (pME1575), 458 (pME1577), or 253 bp (pME1579) of the dcmR upstream sequence. They were mobilized into the dcmR' strain DM4-2cr-63 and into the dcmR mutant strain DM4-2cr-64, and the resulting transconjugants were assayed for ,-galactosidase activity (23) Homologies to the E. coli -10 to -35 consensus promoter are underlined.
shown in Table 3 , P-galactosidase-specific activity was regulated in these strains by a factor of two, and this regulation depended on the presence of a functional dcmR gene. The same levels of ,-galactosidase were observed in the background of strain DM4-2cr-64, which did not permit DCMdependent control, and in the background of strain DM4-2cr-63 grown under inducing conditions. The data also show that regulated dcmR expression was not affected by the extent of the dcmR upstream region contained in the constructs. They are in agreement with dcmR expression being subject to negative control by DcmR. Induction by DCM of the DcmR-LacZ fusion proteins amounted to a factor of 2 and, thus, was markedly less pronounced than the induction by a factor of 20 to 30 observed for dcmR mRNA (Table 2 ; Fig. 3 ). To explore this discrepancy, we measured dcmR mRNA transcribed from the dcmR'-'lacZ construct pME1579. Cellular RNA was isolated from strains DM4-2cr-63(pME1579) and DM4-2cr-64(pME1579) grown on methanol and on DCM, and the RNA preparations were used for nuclease Si mapping of the dcmR transcription start sites. As shown in Fig. 5 autoregulation of dcmR expression amounted to a factor of 10. Induction governed by DcmR thus was more pronounced at the level of mRNA production (10-fold) than at the protein level (twofold). This may be a consequence of the artifactual situation imposed by the dcmR'-'lacZ fusions or a reflection of some sort of posttranscriptional control. DISCUSSION In this work, we have identified the structural gene, dcmR, of a trans-acting factor involved in negative control at the transcriptional level of DCM dehalogenase formation. The simplest model of the dcm regulatory system assumes that dcmR encodes a repressor which, in the absence of DCM, binds to a recognition site in the promoter region of dcmA, 1 (6) , LysR from E. cli (11) , and NtrC from Rhizobium meliloti (28) . Numbers (19) argues that this mRNA is translated. A protein homology search in the libraries of the Genetics Computer Group produced no sequences with significant homology to that of DcmR. However, application of the weight matrix method for helix-turn-helix (HTH) motif detection developed by Dodd and Egan (7) revealed a HTH motif near the amino terminus of DcmR. This motif had a standard deviation score of 4.5, which indicates 100% probability that the sequence is a HTH motif (7) . Figure 6 shows the amino acid sequence of DcmR with its HTH motif aligned to the analogous regions of three well-characterized bacterial DNA-binding proteins. The N-terminal location of the DcmR HTH region is a feature observed among the majority of bacterial regulatory proteins with the HTH motif (7). We found that a DcmR protein deleted for 22% of its C-terminal amino acid sequence was still marginally functional (Fig. 2) . This is compatible with the N-terminal domain of DcmR being involved in DNA binding. (Fig. 1) . Deletion of the central part of this spacing region (bp 1070 to 1275 of the dcm nucleotide sequence) had no effect on regulation (Fig. 2) . It thus appears that the weak promoters PR3 and PR4 of dcmR (Fig.  1) are not important for regulation and that the spacing region encodes neither undetected regulatory sites nor structural genes. Since the two transcription units, when located on separate replicons, cooperated to yield fully regulated expression of dcmA (Fig. 2) , their divergent orientations seem unrelated to the topology of the regulation process, for example by DNA looping (1) .
The levels of DNA-binding regulatory proteins in gramnegative bacteria are frequently autogenously regulated (11, 16) . We have observed dcmR-dependent induction of dcmR mRNA by DCM. Autoregulation of dcmR expression was pronounced at the level of transcription and much weaker at the protein level ( Fig. 5 ; Table 3 ). At present, it is niot clear whether this discrepancy is due to inefficient translation of the 'lacZ reporter gene from E. coli (50 mol%o GC) in Methylobacterium sp. (estimated 70 mol% GC) (13) or whether it reflects a superimposed regulatory mechanism. The latter, if true, might be based on differential stability of dcmR mRNA under inducing and noninducing conditions, on a mechanism involving premature termination of dcmR mRNA transcription, or on translational control involving DcmR (22) .
The nuclease S1 mapping data ( Fig. 3 and 5 ) and our earlier results (19) show that transcription from both promoters PA and PR1 is inhibited under noninducing conditions. Both promoters contained almost identical 12-bp sequences (5'-GATG[G/C]ATAGCCT-3') covering the -14 to -25 regions. We speculate that these 12-bp segments are involved in the specific binding of the DcmR repressor. However, unlike other bacterial operator regions, they did not exhibit significant dyad symmetry within themselves or with flanking regions. If the 12-mers play a role in repressor recognition, one would expect a monomeric structure of the active DcmR protein.
In Methylobacterium sp. stain DM4, induction of DCM dehalogenase by its substrate is based on negative control.
This seems to be an unusual case among hydrocarbon degradative pathways in gram-negative bacteria. Enzyme synthesis in the catabolism of toluene-xylene (3), naphthalene and salicylate (25) , and n-alkanes (8) is governed by activator proteins, and another bacterial haloalkane dehalogenase, whose sequence has been established (14) , is expressed constitutively. Another rare feature of the dem system, negative autoregulation of repressor synthesis in a catabolic pathway, has been observed in the histidine utilization (hut) system of Klebsiella aerogenes (21) and is suspected to occur in the hut system of Pseudomonas putida (2) . Regulation of histidine catabolism thus resembles, in this respect, the regulation we have observed in DCM utilization. In both systems, autoregulation of repressor synthesis would ensure high levels of repressor protein under inducing conditions and thereby prepare the cell for immediate shutdown of enzyme synthesis when the supply of DCM or histidine is depleted. In view of the high intracellular concentration of DCM dehalogenase in induced Methylobacterium cells (16% of the total protein) (18), such a mechanism seems particularly advantageous.
